Adding potassium to Cu(In,Ga)Se 2 absorbers has been shown to enhance photovoltaic power conversion efficiency. To illuminate possible mechanisms for this enhancement and limits to beneficial K incorporation, the properties of Cu 1-x K x InSe 2 (CKIS) thin-film alloys have been studied. Films with K/ (K ? Cu), or x, from 0 to 1 were grown by co-evaporation, and probed by XRF, EPMA, SEM, XRD, UV-Visible spectroscopy, current-voltage, and TRPL measurements. Composition from in situ quartz crystal and EIES monitoring was well correlated with final film composition. Crystal lattice parameters showed linear dependence on x, indicating complete K incorporation and coherent structural character at all compositions in the \100[ and \010[ lattice directions, despite the different symmetries of CuInSe 2 and KInSe 2 . The band gap energy showed pronounced bowing with x composition, in excellent agreement with experimental reports and semiconductor theory. Films of Mo/CKIS/Ni were non-ohmic, and increasing x from 0 to 0.58 decreased the apparent CKIS resistivity. Further evidence of decreased CKIS resistivity was observed with photoluminescence response, which increased by about half a decade for x [ 0, and indicates increased majority carrier concentration. Minority carrier lifetimes increased by about an order of magnitude for films grown at x = 0.07 and 0.14, relative to CuInSe 2 and x C 0.30. This is the first report of a Cu-K-In-Se film with [1 at.% K, and the observed property changes at increased x (wider band gap; lower resistivity; increased lifetime) comprise valuable photovoltaic performance-enhancement strategies, suggesting that CKIS alloys have a role to play in future engineering advances.
Introduction 13], decreased hole concentration (e.g., by consuming Na Cu , which produces In Cu compensating donors and may increase a Mo/CIGS barrier to current flow [8] ) [1, 8, 10] , grain boundary passivation [5, 14] , general defect passivation [2, 3] , Cu-depleting chemical reaction(s) resulting in better near-surface inversion [1, 8, 10] or decreased valence band energy [13, 15, 16] , morphology changes resulting in increased CdS nucleation sites [2, 10] , formation of a passivating K-InGa-Se interfacial compound [10, 16, 17] , and modified Cu-Ga-In interdiffusion [6, 12] . It is unclear if decreased hole concentration could benefit efficiency, or if it is a detrimental side effect. Additional, as-yetunsubstantiated hypotheses have also been proposed: K could reduce the surface work function [18] , interfacial K-Se compounds could cause beneficial effects [14] , and detrimental KInSe 2 formation could occur [6] . The only study to add potassium during absorber growth by co-evaporating KF, In, Ga, and Se reported degradation of photovoltaic (PV) performance [9] . To the authors' knowledge, no previous study has attempted to grow a Cu-K-In-Ga-Se semiconducting film with K compositions greater than doping levels, or hypothesized the possibility of such a film.
It has been established that a relatively large amount of K is present at the p-n electrical junction in the most efficient devices [1] , although the K composition near the junction has not been measured quantitatively. It is well known that non-radiative charge carrier recombination rates in CIGS devices are escalated near the p-n electrical junction, due to the high concentrations of electrons and holes there [19] . The power conversion efficiency of thin film solar cells is also very sensitive to Shockley-ReadHall recombination [19] , so it may be inferred that K does not induce the formation of deep defect levels, or recombination centers, even when it is present in large amounts in the most vulnerable part of the device. Thus, it is important to determine the impact of K incorporation in CIGS over a wide range of compositions. In this study, structural, optical, and electrical properties of Cu 1-x K x InSe 2 (CKIS) alloys have been studied in the range 0 B x B 1. Most CIGS films are grown with Ga/(Ga ? In) * 0.2-0.3 and intentional gradients in cation composition [1] . However, Ga has presently been excluded to simplify data interpretation. A constant rate, single temperature process was also chosen to achieve uniformity in depth and avoid compositional gradients-as KF has been shown to affect cation diffusion in CIGS [6, 12] .
The only work reported on CKIS has been on bulk crystals. The first investigation into the In 2 Se 3 -K 2 Se system measured the conductivity of liquids with varied composition above 700°C [20] . A subsequent publication synthesized bulk KInSe 2 and KGaSe 2 crystals from the melt in sealed quartz at 980°C, and reported their triclinic lattice parameters [21] . A later report verified this structural data for KInSe 2 [22] . That report also determined a melting temperature of 937°C, a direct band gap of 2.68 eV, an indirect 'impurity' band gap of 2.13 eV, a resistivity of 3 9 10 10 X cm along the (001) plane, and substantial photoconductivity for bulk KInSe 2 . A separate synthesis of bulk KInSe 2 at 500°C found its structure to be monoclinic [23] , in contrast to previous reports at higher temperature [21, 22] . The K 2 In 12 Se 19 compound was synthesized at 677°C, and its high-temperature trigonal structure and atomic coordinates were reported [24] . K 2 In 12 Se 19 was also found to exhibit superstructural ordering [25] . K 2 CuIn 3 Se 6 and K 2 CuGa 3 Se 6 synthesized at 500°C were found to have the same monoclinic space group as KInSe 2 and KGaSe 2 , and band gaps of 1.68 and 1.72 eV, respectively [26] . Similar lattice constants and a band gap of 1.6 eV were later reported for K 2 CuIn 3 Se 6 [27] . The hexagonal structure of KCuSe was studied after synthesis at 700°C [28] . The tetragonal structure of KCu 4 Se 3 was studied as well, and similar lattice constants were separately reported [29] [30] [31] . This brief review comprises all the work on the K-In-Se and Cu-K-In-Se material systems.
Experimental
Substrates of 2 mm thick soda-lime glass (SLG) were obtained from Abrisa Industrial Glass, cleaned by scrubbing with isopropanol, 15 min immersion in ultrasonic bath Liquinox solution, de-ionized water rinse, and finally a 25 min automatic spin rinse and dry. Deposition was performed on the side of the float glass which contacted air during cooling, not the side which contacted the tin bath. Molybdenum films were DC-sputtered from 99.95 % pure target material at 3 A and *350 V with 10 mTorr ultra high purity argon (99.999 % Ar) obtained from Airgas. The substrates were not intentionally heated. The Mo film thickness was *0.8 lm, and had sheet resistance of \0.24 X/h (X/square). . Constant elemental evaporation rates were used to deposit on pre-heated substrates, after which cation evaporation was ceased and the substrate was cooled at 20°C/min. The Se molar flux was held at 8-11 times the total cation molar flux, and Se evaporation was continued until the substrate cooled to 300°C. Deposited film compositions were measured with X-ray fluorescence (XRF; Fischerscope X-ray XDV-SDD with Rh anode at 50 kV and 0.95 mA using a 10 lm Ni filter, 3 mm diameter spot, and a silicon drift detector) and electron probe micro-analysis (EPMA) at a 10 kV accelerating voltage. Symmetric X-ray diffraction (XRD) was performed with a Rigaku Ultima IV diffractometer to determine structure and assist in phase identification. Parallel beam optics were used to focus K a line emission from a Cu anode at 40 kV and 40 mA, with automatic specimen/diffractometer alignment. Standard diffraction patterns were calculated from published phase structures. UltravioletVisible (UV-Visible) spectroscopy was performed to measure transmissivity and reflectivity of SLG/CKIS samples with a Cary 5000 spectrophotometer. The film morphology was observed using scanning electron microscopy (SEM). Film thicknesses were measured with a Dektak 8 profilometer. Electron-beam evaporation of *50 nm Ni, followed by *3 lm Al through *1.5 mm 2 apertures (normally used for solar cell grids) formed top contacts for currentvoltage (IV) measurements. IV measurements were performed on a temperature-controlled stage at 25°C with a 4-probe Keithley 2400 source meter. Room temperature time-resolved photoluminescence (TRPL) was performed on absorber films with a 905 nm laser (1.37 eV) under low-injection conditions, and the response was detected with a nearinfrared photomultiplier tube responsive to photons in the range 0.92-1.31 eV (details of the fiber optic system have been published elsewhere [32] ).
Results and discussion
Morphology SEM was used to observe how microstructure and surface morphology of the films changed with variations in K/(K ? Cu) mole fraction, x (see Fig. 1 ). The x * 0 film showed a columnar grain structure and relatively smooth surface morphology. The x * 0.30 film surface was also smooth and had some small grain regions, though larger facets oriented perpendicular to the substrate were visible in other regions. The x * 1 film was significantly rougher, which is evidence that growth was no longer two-dimensional (Stranski-Krastanov), but rather three-dimensional (Volmer-Weber). Layered crystals, similar to those that were visible in the x * 0.30 film, were clearly visible in the x * 1 film. It is speculated that these layers are parallel to the (002) plane of KInSe 2 , which has weaker bonds than all of the other KInSe 2 planes (discussed below). It is noted that KInSe 2 was readily formed during co-evaporation of KF, In, and Se. Therefore, the previous study which used KF-In-GaSe co-evaporation during growth (to the detriment of the absorbers' PV performance [9] ) may have also formed KInSe 2 . The SIMS elemental depth profiles in that report did show substantial decreases in Cu and Ga signals precisely where the K signal peaked [8] . This may be evidence of KInSe 2 formation, and may relate to the poor performance of those absorbers.
Composition
The deposition rates of Cu, In, and K measured by in situ EIES and QCM signals were used to estimate (K ? Cu)/In and K/(K ? Cu) (x) molar ratios. To explore the properties of CKIS alloys, films were grown at x * 0, 0.07, 0.14, 0.30, 0.44, 0.58, and 1. The (K ? Cu)/In was around 0.9 in all cases except for the KInSe 2 film. The KInSe 2 was grown with various (K ? Cu)/In compositions to avoid impurity phases (K 2 In 12 Se 19 and K 2 Se), which were detected by XRD.
The in situ film composition estimates were compared to post-growth XRF and EPMA measurements, and correlations of these data are compared in Fig. 2 . As can be seen from the high R 2 values for least squares fits to the data, the three techniques are in good agreement. The cations in the final films (by XRF and EPMA) had the same proportions as the cations that were supplied by the evaporation sources to the substrate (by EIES and QCM). This finding indicates that the sticking coefficients of the cations are similar. As noted in the experimental section, the XRD patterns showed that congruent evaporation of KF occurred, but fluorine could not be detected by XRF in cubic KF films. Therefore, the absence of fluorine in the CKIS films could not be verified. The Se composition was close to 50 mol% in all cases. Notably, the atomic emission peaks measured by XRF and EPMA for potassium are K a1 and K b1 at 3.3 and 3.6 keV, respectively, which overlap the indium L a1 and L b1 3.3 and 3.5 keV peaks, respectively, for CKIS samples. The less intense indium K a1 peak at 24.2 keV was therefore used to calculate sample composition from the emission spectrum, and this made XRF and EPMA measurements less reliable for this material system. Other material properties are therefore plotted against in situ x.
Crystal structure
The XRD patterns of SLG/CKIS samples with x * 0-0.58 exhibited peaks that correspond to polycrystalline, tetragonal chalcopyrite films with little preferred orientation (Fig. 3) . No films exhibited cubic KF phase peaks, and this is taken as further evidence that KF fully reacts in the presence of In and Se. The x * 1 pattern was from an SLG/Mo/KInSe 2 sample, which exhibited superior crystallinity. This is attributed to different growth behaviors resulting from the substrates' surface energy differences. Substrate surface energy could also be changed by sodium outdiffusion from the SLG, where different sodium amounts are expected for SLG and SLG/Mo substrates. The difference in crystallinity could have also been affected by greater absorption of the halogen lamp's radiation by the Mo substrates, which led to *20°C higher growth temperature, relative to the adjacent, transparent SLG substrates. The KInSe 2 film exhibited peaks which were well matched to a diffraction pattern calculated from the reported monoclinic structure [23] . [25] ). On growing a KInSe 2 film with an increased (K ? Cu)/In composition, the impurity XRD peaks were not observed, and the film was chalky yellow with no red appearance. However, a small new peak at 38.8°2h was observed on the SLG substrate, probably from the K 2 Se (311) plane (not observable in Fig. 3 due to Mo substrate peaks). It is possible that the co-evaporated K accumulates at grain boundaries and surfaces, resulting in reduced x in the chalcopyrite phase, relative to set points and composition measurements. If that were the case, the peak shifts observed in Fig. 3 would be a result of decreasing Cu/In in the chalcopyrite, instead of increasing x. For example, the x * 0.07 and 0.14 films had Cu/In * 0.84 and 0.74, respectively (from in situ, XRF, and EPMA measurements). However, they exhibited (112), (220)/(204), and (116)/(132) peak positions similar to CuIn 2 Se 3.5 [33] , which has a Cu/In of 0.50. Likewise, the x * 0.44 film had Cu/In * 0.50, but exhibited peak positions similar to CuIn 3 Se 5 [34] , which has Cu/In * 0.33. Characteristic peaks at 15.4°, 17.2°, 21.8°, 27.9°, and 86.0°2h for the (002), (101), (110), (103), and (318) planes of CuIn 3 Se 5 were not observed in any samples. Thus, decreased Cu/In cannot account for the XRD patterns in Fig. 3 , which is evidence that changing x causes the observed peak shifts, and that K is incorporated into the chalcopyrite.
The signal-to-noise ratio observed in the XRD patterns is too low to determine solubility limits for K in tetragonal CuInSe 2 and Cu in monoclinic KInSe 2 .
There are a few key differences between the structures: For both CuInSe 2 and KInSe 2 each In is tetrahedrally coordinated with Se, although the bonds are around 4 % longer in the latter structure. there are more K-Se bonds that are *25 % longer than Cu-Se bonds in CuInSe 2 , and KInSe 2 has *22 % less molar density than CuInSe 2 . Importantly, the KInSe 2 (002) plane intersects only weak K-Se bondsa substantial departure from the alternating K-Se and In-Se bonds elsewhere in the lattice, and likewise the alternating Cu-Se and In-Se bonds in CuInSe 2 . This structural anisotropy may be at the root of previously reported optoelectronic anisotropy for KInSe 2 [22] .
On increasing x from 0 to 0.14, the (101) and (103) planes no longer diffracted at 17.1°and 27.7°2h, respectively (Fig. 3) . This occurred on SLG and Mo substrates, although more investigation is needed to determine if crystal orientation or structure changes caused this diffraction change. As seen in Fig. 3 , peaks shifted to greater 2h values with increasing x, and the extracted a lattice parameter trend is in Fig. 4 . To compare lattice parameters of crystals with x * 0-0.58, which apparently retained the tetragonal symmetry, the a and b values of the x * 1 monoclinic crystals were simply averaged (see Fig. 4 ). This was also done for the literature monoclinic x * 0.67 lattice parameters [26, 27] , which are in rough agreement with the present work. The correlation of lattice parameter with x from this work is strong, which suggests that (1) the K added to the film during growth was indeed incorporated into CKIS crystals, (2) the tetragonal character persists for relatively high K content (at least up to x * 0.58), and (3) despite the different symmetry of CuInSe 2 and KInSe 2 , the crystals have a relatively coherent structural character across the entire alloy range of x * 0-1 in the \100[ and \010[ lattice directions.
Band gap
Transmittance and reflectance measured by UV-Visible spectroscopy were combined with thickness data to construct Tauc plots [35] . The product of absorptivity (a), Planck's constant (h), and photon frequency (m) was squared and plotted against incident photon energy. A least squares fit was performed on the linear region and extrapolated to a = 0 to calculate direct band gap (e.g., Fig. 5 ). The KInSe 2 film exhibited three linear regions-two were very strong, assumed to be direct, and both extrapolated to the same band gap of 2.71 eV. A third linear region in the energy range 2.8-2.9 eV had a weaker slope, and yielded an extrapolated band gap of 2.40 eV. A previous report found a 2.68 eV KInSe 2 direct band gap, and also a broad peak in photoconductivity at 510-580 nm, which the authors assigned to an impurity band gap of 2.13 eV [22] . The direct band gap of 2.68 eV is in excellent agreement with the 2.71 eV band gap presently reported. The previously observed impurity gap at 510-580 nm also corresponds well with the weak absorption observed here at 2.40 eV. A small amount of K 2 Se impurity phase was detected by XRD in the same film that was characterized by UV-Visible spectroscopy and reported in Fig. 5 . First principles studies utilizing various approximations have reported a variety of band gaps for K 2 Se: 2.19 and 2.27 eV indirect and direct gaps [36] , 1.83-2.84 eV indirect gaps and 2.1-2.97 eV direct gaps [37] , and 2.2-4.95 eV indirect gaps [38] . Some of these values are quite close to the weak absorption observed here at 2.40 eV, and to the small peak in photoconductivity reported previously at 2.13 eV [22] . One first principles study did predict substantial photoconductivity for K 2 Se, though at a threshold energy of 4.11 eV [38] . Therefore, . Literature values are included for reference [26, 27] . Monoclinic structures' lattice parameter is an average of a and b. The R 2 value is for the least squares fit to the data from this work. Band gap values of 2.71 and 2.40 eV were calculated at a = 0 from least squares fit to the linear data (black lines).
this weak absorption is likely due to either a direct forbidden transition in KInSe 2 , or a K 2 Se impurity phase band gap. The SLG/CKIS films with x * 0-0.58 exhibited weak a onsets [(ahm) 2 \ 10 10 (eV/cm) 2 ], which is attributed to lattice disorder associated with the relatively low growth temperature (500°C). The extrapolated direct band gap values for all films in the range of x values studied were in very good agreement with previous reports [22, 26, 27, 39] , as shown in Fig. 6 . Films with x * 0.14-0.58 had less precipitous and more nonlinear (ahm) 2 onsets, which made their band gaps less certain (error bars in Fig. 6 ). Much like the XRD peak shifts, it is possible that the band gap shifts in Fig. 6 were due to decreased Cu/In instead of K incorporation (i.e., increased x). However, a CuIn 3 Se 5 film was grown that had Cu/In * 0.33 by XRF, and a band gap of 1.20 eV. In contrast, the CKIS film with x * 0.58 had Cu/In * 0.39, and a band gap of 1.29 eV (Fig. 6 ). This is further evidence that K incorporated, and x changes indeed shifted the band gap. Least squares fit of a quadratic polynomial to the present band gaps revealed their excellent correlation to x (R 2 = 0.967 in Fig. 6 ). The bowing parameter extracted from the data was 1.97 eV-a very large value relative to other CuInSe 2 alloy bowing parameters: 0.151 eV for Ga [39] , 0.225-0.305 eV for Ag [40, 41] , 0.62 eV for Al [42] , and -0.12 to 0.14 eV for S [43] . It is well known that semiconductor alloys exhibit bowing in band gap energy relative to linearly interpolated values from their pure end-member constituents, and this is a result of microscopic alternation of different cationanion bonds [44] . Greater bowing parameters are therefore observed when the end-member constituents have large differences in size or atomic potential energy [43] . The local density approximation s orbital eigenvalue energies of Cu and K are -4.95 and -2.72 eV, respectively [45] . This is a large difference relative to Ga, Ag, Al, and S alloys [45] . Furthermore, Cu has occupied valence d orbitals, while K does not. A greater chemical disparity between Cu and K is theoretically expected to cause greater band gap bowing (relative to Ga, Ag, Al, and S alloys). Chalcopyrite alloys typically exhibit reduced bowing as a result of repulsion between group I d and group VI p electrons. This phenomenon is absent for K alloys [43] , and thus a large bowing parameter is expected and in agreement with the present data. Relatively large band gap bowing parameters have been reported for III-V and II-VI alloys where the cation is highly mismatched (e.g., 1. [48] ). The 1.97 eV bowing parameter reported here is of a similar magnitude, and it may therefore be stated that Cu and K cations in CKIS are 'highly mismatched.' It is further noted that the repulsion of the Cu d and Se s orbitals is known to shift the valence band to higher energies in CuInSe 2 [49] . Since K does not have occupied valence d orbitals, increasing the x content in CKIS would be expected to shift the valence band to lower energies, although this has not been validated experimentally. Lower surface valence band energy has previously been observed as a result of a KF PDT on CIGS [13, 15, 16] . Although this phenomenon was attributed to the reduction of the Cu/(Ga ? In) composition in CIGS at the surface by some chemical reaction, it would also be consistent with the presence of a Ga-alloyed CKIS compound.
Resistivity
The reproducible formation of ohmic contacts with CIGS can be difficult [50] . If 'ideal' contacts are formed, the Mo/CKIS interface should form a Schottky barrier for current flow in forward bias, while the CKIS/Ni interface should be ohmic in forward and reverse bias [19] . The KInSe 2 films were not fully coalesced (see Fig. 1 ), so their resistivities could Figure 6 Band gap versus in situ K/(K ? Cu), or x composition of films from this work (black diamonds with standard deviations shown as error bars), bulk x * 0 crystals (red down triangle) [39] , bulk x * 0.67 crystals (green circle and blue square) [26, 27] , and bulk x * 1 crystals (purple up triangle) [22] . The R not be measured. The IV characteristics of Mo/CKIS/ Ni stacks for x * 0-0.58 showed diode-like behavior in forward and reverse bias. The IV characteristics in forward bias revealed complicated behavior and no obvious trends. The IV characteristics in reverse bias revealed that one of the interfaces was not 'ideal', and current-blocking barriers formed in all cases. The reverse bias barrier apparently decreased with increasing x composition. The resistivities measured at 0 and -0.8 V bias were averaged from five contacts, and are shown versus x composition in Fig. 7 . The resistivities in Fig. 7 are in the range expected for CuInSe 2 [19, 50] , although it is emphasized that these values could be dominated by contact resistance, CKIS resistivity, or the resistivity of some unobserved compound (minor in phase fraction and possibly segregated at grain boundaries). Despite this ambiguity, it can be concluded from the data that increased K content in CKIS (1) reduced an interfacial barrier to current flow, (2) reduced CKIS resistivity, (3) increased the amount or conductivity of some unidentified grain boundary compound, or (4) exhibited some combination of the aforementioned phenomena. All of these effects would be important for solar cells, and could be beneficial. If the apparent resistivities were dominated by an interfacial barrier, then the primary mechanism of increasing x could be to change the interface dipole of CKIS. This would be consistent with the speculation that K could decrease the surface work function of CIGS [18] . IV measurements on films with varied thicknesses will be required to isolate CKIS resistivity from contact resistance.
A previous study where 2 lm CIGS was deposited on 20 nm KF (yielding x * 0.02 assuming complete K incorporation) found a decrease in resistivity by *1 order of magnitude for all Ga/(Ga ? In) compositions studied, relative to the K-free baseline [11] . This would suggest that the reduction in resistivity by half a decade from x * 0 to 0.07 (Fig. 7) could be dominated by CKIS resistivity (not contact resistance). If increasing x beyond 0.02 reduces resistivity up to x * 0.58 (as Fig. 7 suggests), then there should be a limit to this trend, as the resistivity of KInSe 2 was reported to be 3 9 10 10 X cm [22] . More study is needed to determine the composition at which relatively low resistivity material (10 3 X cm for x * 0.58) transitions to high resistivity material (10 10 X cm for x * 1 [22] ).
Time-resolved photoluminescence
Peak TRPL signals were used to estimate majority carrier concentrations by assuming a constant radiative coefficient for all samples. These carrier concentrations are shown as a function of x composition in Fig. 8 . Films with x [ 0 had carrier concentrations half a decade greater than CuInSe 2 . This is in excellent qualitative agreement with the order of magnitude decrease in apparent resistivity from x * 0 to 0.44. The correlation between resistivity and luminescence data, along with phase-pure XRD patterns, indicates that minor grain boundary-segregated phases are not responsible for the observed electrical or optical changes with x, although more data will be needed to rule out phase impurity artifacts. Previous studies have found increased carrier concentrations on adding K to the substrate on which CIGS is grown [11, 12] , and on adding KF after CIGS is grown [5] [6] [7] [8] .
Other studies have found decreased carrier concentrations on adding KF after CIGS is grown, which is apparently associated with Na Cu removal by reaction with KF [1, 8, 10] . The present study is in agreement with increased carrier concentration with K, but it is still unclear if the K introduction method plays any role. Single exponential functions were fit to the TRPL signal decay with time, yielding minority carrier lifetimes. The excitation photons from the TRPL laser are mostly absorbed very near the surface of the films. Therefore, the measured lifetimes can be dominated by surface and/or bulk recombination rates. Lifetimes are shown with x composition in Fig. 9 . The data suggest that surface and/or bulk recombination rates are reduced by about an order of magnitude for moderate K compositions (x * 0.07-0.14), relative to CuInSe 2 (x * 0) and x C 0.30. It is well known that minority carrier recombination rates dominate PV performance in CIGS-based solar cells [19] . The presently observed increase in lifetimes at moderate x compositions could be related to previously observed power conversion efficiency enhancements associated with a KF PDT [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The previously hypothesized KF PDT defect passivation mechanism [2, 3] would be consistent with the present observation of increased lifetimes in the case where: (1) the passivated defects contributed significantly to recombination and (2) (Cu,K)(In,Ga)Se 2 formed during the KF PDT. The same holds true for the previously hypothesized KF PDT grain boundary passivation mechanism [5, 14] . The proposed formation of a K-In-Ga-Se passivating interfacial compound [10, 17] would also be consistent with the increased lifetimes. Characterization by two-photon excited TRPL would help to discern surface and bulk recombination rates.
Conclusions
The first study of thin film Cu 1-x K x InSe 2 alloys over the entire composition range has been performed. Films' x compositions measured by XRF and EPMA were well correlated with in situ growth monitoring data, indicating that co-evaporative deposition is an effective synthesis technique. KF was found to be a convenient evaporation source, as it evaporated congruently and fully reacted with Se to form selenides. As x composition was increased, thin films exhibited larger layered crystallites that coalesced less readily. Although the CuInSe 2 and KInSe 2 end-members have different structural symmetries, their a lattice parameters had linear x composition dependence, in rough agreement with previous reports. This showed that K was fully incorporated into tetragonal CKIS for x up to 0.58, and that CKIS has coherent structural character across the alloy range of x * 0-1 in the \100[ and \010[ lattice directions. The measured band gaps at different x exhibited pronounced bowing, in excellent agreement with experimental reports and semiconductor theory. Changes in lattice constants and band gaps were not consistent with changing Cu/In in the Cu-In-Se material system, and were in better accordance with x changes, which is further evidence of K incorporation. KInSe 2 films commonly exhibited K 2 In 12 Se 19 and K 2 Se impurity phases, and the latter may be associated with weak absorption observed at 2.40 eV. Higher x compositions had lower apparent resistivities for mostly non-ohmic Mo/CKIS/Ni stacks, which could be due to either reduced Schottky contact barrier heights or lower CKIS resistivitywhere either mechanism could benefit solar cell applications. The mechanism of decreased CKIS resistivity at increased x was commensurate with increased carrier concentration with x measured by peak TRPL response, in agreement with previous reports [5-8, 11, 12] . Increased minority carrier lifetimes were observed for moderate K compositions (0 \ x \ 0.30), which could relate to power conversion efficiency enhancements already reported for KF PDTs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Furthermore, the observed property changes of wider band gap, lower resistivity, and increased lifetime at increased x in CKIS are valuable for future efficiency enhancement strategies. 
